Understanding the neural mechanism underlying the formation and extinction of fear memory would guide the development of advanced strategies for treatment of post-traumatic stress disorder (PTSD), a generalized anxiety disorder. The mediodorsal thalamic nucleus (MD) is reciprocally connected with limbic circuitry including the prefrontal cortex and amygdala, key structures for fear formation, and extinction. In addition to the distinctive anatomical relationships, the MD participates in learning and memory process in fear extinction through thalamic dual firing modes: tonic and burst. This review will briefly describe neural mechanisms of fear extinction and highlight the role of MD in modulation of fear extinction. We suggest that excitability of the MD neurons may modulate fear circuits and can be a novel target for treatment of anxiety disorders.
Introduction
One of the big themes of neuroscience is to understand how the brain systems regulate emotion. Based on learning and memory from threatened conditions, humans continue to adapt to the environment by responding appropriately to a dangerous situation. However, uncontrollable fear may develop an anxiety disorder such as post-traumatic stress disorders (PTSD) . As the number of PTSD patients increases for a variety of reasons in the modern society, research activities to understand the mechanism for extinction of traumatic memory have increased exponentially for recent 10 years (Milad and Quirk, 2012) .
Fear conditioning and extinction paradigms are used as excellent experimental tools to study the mechanisms of extinction of traumatic memory (LeDoux, 2000; Myers and Davis, 2002) . In the fear conditioning, conditioned fear can be memorized by exposure to pairing a neutral conditioned stimulus (CS, tone or light) with a noxious unconditioned stimulus (US, electric footshock). Expression of the previously learned fear (freezing, change of heart rate, and breathing) can be reduced by repeated CS presentations without reinforcement. This process, termed fear extinction, is similar to the general therapeutic process used to treat PTSD in human patients. Fear extinction, one of active learning paradigms, has acquisition, consolidation, and retrieval stages. Although extinction learning easily inhibits memory of conditioned fear, extinction memory is fragile, often resulting in fear relapse (Vervliet et al., 2013) . To improve the treatment of PTSD, novel pathways to explain neural mechanisms of fear extinction and new methods to reduce fear memory need to be investigated.
Main text Brain structures in fear extinction
Amygdala Amygdala, a key brain structure in control of fear conditioning and extinction, can be divided largely into four parts: lateral nucleus (LA) and basal nucleus (BA) (together basolateral amygdala complex-BLA), intercalated cell mass (ITC), and central (CE) nucleus (Krettek and Price, 1978; Sah et al., 2003) . In the main information flow of fear conditioning, CS is associated with US in the LA. Consolidation of conditioned fear occurs in the BLA. CS information from the thalamus or cortex to the BLA is relayed to several brain areas including the hypothalamus and periaqueductal gray via the CE for expression of conditioned fear (Pape and Pare, 2010; Pare et al., 2004) .
Accurate roles of the amygdala in acquisition of fear extinction became to be revealed not by amygdala lesions but by pharmacological microinjection into the amygdala. Lesions of the LA and BA changed expression of conditioned fear itself and may have compensation effect (Anglada-Figueroa and Quirk, 2005; Nader et al., 2001; Sotres-Bayon et al., 2004) . Infusion of the N-methyl-D-aspartate receptor (NMDAr) antagonist AP5 into the BLA before extinction training impaired extinction recall (Falls et al., 1992) , suggesting that fear extinction is new and active learning. In contrast, intra-BLA infusion of NMDAr agonist D-cycloserine facilitated extinction (Sotres-Bayon et al., 2007; Walker et al., 2002) . These data show that NMDAr-dependent synaptic plasticity may contribute acquisition and consolidation of fear extinction. Cannabinoid (CB) system in the BLA, also, has a role in fear extinction. CB1 receptor knockout-impaired fear extinction and endogenous cannabinoid levels were increased in the BLA after extinction training (Marsicano et al., 2002) .
Amygdala neurons show interesting patterns of unit activity during extinction training. Some LA neurons show response to initial CS trails only, and others show continued response throughout extinction training (Quirk et al., 1995; Repa et al., 2001) . After 3 days of complete extinction training, CS-responding neurons in the LA did not show unit activity together with no freezing behaviors of the rats in the extinction training context. However, both of the CS-related unit activity and freezing behaviors were recovered in the different context (Hobin et al., 2003) . In the BL, extinction training is correlated with a rapid switch in the balance of CS-evoked activity between two distinct populations of projection neurons. In fear cells (17 % of recorded neurons), subsequent extinction training completely abolished conditioned-induced increase of unit activity, whereas in extinction cells (14 % of recorded neurons), which did not show conditionedinduced activity, the training induced a marked increase of unit activity during extinction training (Herry et al., 2008) .
Consolidation of fear extinction occurs in the amygdala. Protein synthesis inhibitor anisomycin blocked extinction (Lin et al., 2003) . Several kinase pathways including MAP-kinase and PI3-kinase as well as immediate early genes like c-Fos and EGR-1 are involved in the consolidation of the BLA (Herry and Mons, 2004; Herry et al., 2006; Lin et al., 2003) . Brain-derived neurotrophic factor (BDNF) acting through the tyrosine kinase B receptor (TrkB) in the BLA is required for the consolidation of stable extinction memories (Chhatwal et al., 2006) . Systemic injection of antidepressant fluoxetine increased synaptic plasticity and BDNF levels in BLA, which may contribute to persistent fear extinction (Karpova et al., 2011) .
The amygdala inhibitory circuits have been implicated in the expression of fear extinction (Harris and Westbrook, 1998) . Thus, extinction training induced an increased gene and protein expression for the GABA(A) receptor clustering protein, gephyrin (Chhatwal et al., 2005) , an upregulation of gamma-aminobutyric acid (GABA)ergic markers related to enhanced GABAergic transmission (Heldt and Ressler, 2007) , and an increased amplitude of GABAergic miniature inhibitory postsynaptic currents (Lin et al., 2009) . Fear extinction increased perisomatic parvalbumin and GAD67 around perisomatic inhibitory synapses originating from parvalbumin and cholecystokinin-positive interneurons and silenced fear conditioning-activated neurons in the BL (Trouche et al., 2013) . ITC, which receives information about the CS from the BLA, is mainly GABAergic and inhibits output of CE (Ehrlich et al., 2009) . ITC lesions caused a marked deficit in the expression of extinction that correlated negatively with the number of surviving ITC neurons (Likhtik et al., 2008) . Pre-and postsynaptic changes of GABAergic synapses in the local inhibitory circuits of the BLA and ITC may play a central role in expression of extinction.
Medial prefrontal cortex The medial prefrontal cortex (mPFC) can be divided into four parts: anterior cingulate cortex, prelimbic cortex (PrL), infralimbic cortex (IL), and medial agranular cortex (Berendse and Groenewegen, 1991; Ongur and Price, 2000) . Starting from the study of fear extinction impaired by lesions of the ventral mPFC (vmPFC-PrL and IL), a role of the vmPFC in fear extinction has been discovered (Morgan et al., 1993) . Lesion of the IL has an effect not on acquisition of extinction but on extinction retrieval, suggesting a role of IL in consolidation (Quirk et al., 2000) . Consistently, unit activity of IL neurons was shown not in fear conditioning nor in extinction training but in recall of extinction. Thus, microstimulation of IL during extinction training enhanced extinction recall (Milad and Quirk, 2002) . Intra-IL infusion of NMDAr antagonist CPP, sodium channel blocker TTX, or anisomycin did not impair fear conditioning or acquisition of extinction but suppressed recall of extinction (Burgos-Robles et al., 2007; Santini et al., 2004; Sierra-Mercado et al., 2006) . Systemic injection of CPP also selectively reduced burst firing in vmPFC neurons (Burgos-Robles et al., 2007) . In addition, IL infusion of muscimol (GABA A receptor agonist) immediately after extinction training blocked recall of extinction (Laurent and Westbrook, 2008) . Interestingly, BDNF infused into the IL reduced conditioned fear for up to 48 h, even in the absence of extinction training, and BDNFinduced reduction in fear required N-methyl-D-aspartate receptors (Peters et al., 2010) .
PrL plays a role in expression of learned fear. Microstimulation of PrL increased the expression of conditioned fear and prevented extinction (Vidal-Gonzalez et al., 2006) . In addition, unit activity of the PrL was positively correlated with expression of conditioned fear and extinction failure (Burgos-Robles et al., 2009 ). Consistent with a role of the PrL, virally mediated prelimbic cortical-specific gene deletion of BDNF had no effect on fear extinction (Choi et al., 2010) .
It is thought that IL neurons inhibit expression of conditioned fear by activating the ITC of the amygdala in recall of extinction and PrL neurons induce expression of conditioned fear by activating the BA (Cho et al., 2013; Sotres-Bayon and Quirk, 2010) . More studies for interaction between the vmPFC and amygdala in fear conditioning and extinction are needed.
Mediodorsal thalamic nucleus in fear extinction
The mediodorsal thalamic nucleus (MD) is one of nonspecific nuclei of the thalamus. The PFC can be defined as the projection area of the MD, which is connected with the amygdala forming a tight triangular circuitry ( Fig. 1) (Jones, 2007; Kuroda et al., 1998; Ray and Price, 1992) . Consistent with the anatomical connection of the MD, a lesion of the MD leads to impairment of function associated with PFC or amygdala: working memory, association memory, emotion, attention, and learning (Hunt and Aggleton, 1998; Mitchell and Dalrymple-Alford, 2005; Mitchell and Gaffan, 2008; Van der Werf et al., 2000; Zoppelt et al., 2003) . Anatomical and lesion studies suggest that activation of the MD, as a key player in the attention/intention circuits, may be required for encoding new information into memory because attention is required to suppress any unwanted thought and feelings Price, 1992, 1993; Smythies, 1997) . Therefore, the MD may have a role as a cognitive hub in the basolateral limbic circuits (the amygdala, mPFC, and MD) of the learning and memory processes.
The first data implicating the MD in fear extinction came from study for plasticity in thalamo-prefrontal cortical transition in consolidation of fear extinction (Herry and Garcia, 2002; Herry et al., 1999) . Low-frequency stimulation (LFS) and high-frequency stimulation (HFS) of the MD induced prefrontal long-term depression (LTD) and potentiation (LTP), respectively. The LTD induced prior to extinction learning suppressed fear extinction, whereas the LTP induced prior to extinction learning enhanced recall of extinction (Herry and Garcia, 2002; Hugues and Garcia, 2007) . HFS of the MD also induced a consistent LTP in the amygdala (Zhang and Bertram, 2002) . It might be expected that the MD is also a site of acquisition and consolidation of extinction, interacting with the amygdala and mPFC.
An experiment combining genetics, pharmacology, physiology, and microstimulation revealed a role for the MD in extinction learning, especially suggesting that the firing mode of the MD is critical in modulation of fear extinction (Lee et al., 2012) . Thalamocortical neurons exhibit two distinct firing modes depending on membrane status: a low voltage-activated T-type Ca 2+ channel-dependent burst of high-frequency action potentials upon hyperpolarization or tonic firing of singular action potentials during depolarization (Llinas and Jahnsen, 1982; Sherman, 2001) . Here, activation of metabotropic glutamate receptor type 1 (mGluR1) induces membrane depolarization in thalamocortical neurons, leading to a shift in thalamic firing from the burst to the tonic mode (McCormick and von Krosigk, 1992) . The mice with a knockout of phospholipase C-β4 Fig. 1 The bidirectional modulation of fear extinction by thalamic dual firing (tonic and burst) in MD. The mediodorsal thalamic nucleus (MD), a part of the basolateral limbic system, has strong interconnections with the medial prefrontal cortex (mPFC) as well as with the amygdala (Amy), and these regions together form a tight triangular circuitry. Tetrode recordings in freely moving mice revealed that the increased frequency of tonic firing of MD neurons is positively correlated with the development of fear extinction and that frequency of T-type Ca 2+ -dependent burst spikes was increased in the PLCβ4 -/-mice, which showed impaired fear extinction. Moreover, electrical microstimulation with a protocol increasing tonic firing in the MD facilitates fear extinction in both of wild type and PLCβ4 -/-mice. These results suggest that an increase of tonic firing in the MD is necessary for fear extinction. In contrast to the role of tonic firing, electrical microstimulation with a protocol mimicking burst spikes in the MD suppresses fear extinction (Lee et al., 2012) (PLCβ4), which is physiologically coupled with mGluR1, were strongly impaired in acquisition of extinction. MDspecific knockdown of PLCβ4 leads to similar impairment in extinction. Intra-MD infusion of CPCCOEt, a selective mGluR1 antagonist, or mibefradil, a general T-type Ca 2+ channel inhibitor, before extinction training inhibited acquisition of extinction. Interestingly, the degree of the increase of tonic firing of the MD during the acquisition stage of extinction was positively correlated with the strength of recall of extinction. On the other hand, burst firing of the MD in PLCβ4-deficient mice was enhanced. Consistent with unit activity of the MD, tonic-evoked microstimulation of the MD, paired with CS, facilitated extinction learning. In contrast, burst-evoked microstimulation of the MD, paired with CS, suppressed extinction learning (Fig. 1) . Thus, the MD could be involved in acquisition and consolidation of fear extinction within the triangular circuit including the mPFC and amygdala.
Conclusions
Although the mechanism how the MD interacts with the amygdala or mPFC in fear extinction remains to be further investigated, the novel strategy controlling the excitability (burst and tonic firing modes) of the MD might help in the treatment of anxiety disorders. In the future, these studies for fear extinction may make the traumatic past of the patients left behind, helping the patients live in the present.
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